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Electronic components produce heat that hinders their performance and 
reliability. Heat pipes, two-phase heat transfer devices, may be used to effectively cool 
electronic components. This project focuses on two different heat pipe designs that may 
potentially be used to cool electronic components. One heat pipe design being studied 
uses metal wires to form its wicking structure. This simple wick design may result in 
reduced manufacturing costs. The second heat pipe has a wick pattern formed in a 
copper plate. The wick pattern is designed to separate the flow of vapor and liquid 
within the heat pipe. To evaluate both heat pipe designs, test articles were fabricated and 
tested to determine their heat transfer performance. Tests performed in this study 
indicated that both heat pipe designs offered no performance benefits when compared to 
comparable solid conductors. Errors in the charging process and use of improper 
amounts of working fluid are believed to cause the negligible performance gains, 
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INTRODUCTION 
Heat generated by electronic components adversely affects their performance and 
reliability. This study focuses on the fabrication and testing of two different micro-heat 
pipe designs: a metal wire heat pipe and a loop heat pipe plate. Heat pipes, two-phase 
heat transfer devices, allow for high heat transfer rates with small temperature 
differences because heat is transferred by a liquid-vapor phase change within the heat 
pipe. 
The original focus of this project was to design, fabricate, test, and model a 
micro-heat pipe for the application of cooling semiconductor devices. Industry sponsors 
proposed the heat pipe designs that were eventually adopted for this project. The use of 
predetermined and manufacturable designs eliminated most of the design and modeling 
aspects of the project. Part of the fabrication process was performed by the industry 
sponsors. They provided the wicking structures for the heat pipes to be tested. To 
complete the fabrication process, the heat pipes were sealed and charged with working 
fluid. The heat pipes produced were tested to determine their heat transfer performance. 
Electronic components need cooling systems to operate reliably and to perform 
within their prescribed operating parameters. ' The internal resistance of electronic 
components causes heat to be generated when current passes through the components 
during operation. Many material properties are temperature dependent. When 3 
excessive heat changes the electrical conductivity of semiconductor materials, a 
component's electronic functions may be impaired. Heat also causes mechanical 
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stresses in components. The various materials that make up a particular component all 
have different coefficients of thermal expansion. Temperature changes cause 
components produced from different materials to expand or contract nonuniformly. 
These expansions and contractions cause mechanical stresses that influence the physical 
integrity of the component over time. 3 
Conventional cooling techniques utilize conduction and convection to transfer 
heat. Heat always flows from an area of high temperature to one with a lower 
temperature. Metal heat sinks attached to electronic components allow heat to be 
transferred away from its source. Heat transfers through the heat sink material by 
conduction. In conduction, heat is transferred at the molecular level through a medium. 
Heat is also transferred to the ambient air surrounding the component by convection. 
Convection occurs when heat is transferred between a fluid (air in this case) and a solid 
surface when a temperature difference is present. In electronic applications, fans are 
commonly used to enhance convection heat transfer. ' 2, 3 
HEAT PIPE OPERATION AND CONSTRUCTION 
Heat pipes are two-phase heat transfer devices. The basic heat transfer 
operations in heat pipes are accomplished by liquid-vapor phase changes of the working 
fluid. Basic heat pipe consnuction consists of an outer shell, a wicking structure, and a 
working fluid. A simple cylindrical heat pipe configuration and its fundamental 
operational processes is illustrated in Fig. I. There are three basic operational regions in 
a heat pipe: the evaporator, the condenser, and an adiabatic region. ' Heat applied in the 4,5 
evaporator region causes the working fluid in that area to evaporate. The heat required 
to evaporate the working fluid is known as the latent heat of vaporization. The same 
amount of heat that was absorbed during the vaporization of the working fluid is rejected 
as the working fluid condenses in the cooler condenser region. The higher temperature 
and pressure in the evaporator region force vapor produced to travel to the condenser 




rtear addition Liuuid Return by Capillary Furcaa rteet Relacriuh 
Fig. 1 Typical Heat Pipe Construction and Operation 
The physical components of heat pipes influence their operating characteristics. 5 
The outer case of the heat pipe seals in the working fluid. The outer case may take on 
various sizes and geometry as dictated by the given application. The selection of the 
working fluid is based on the expected operating temperature of the device. The 
working fluid must properly wet the surface of the case and the wicking structure so that 
heat transfers to the fluid from the case and wick. The wicking structure of the heat pipe 
is critical to its operation. The wicking structure acts like a sponge; it draws the 
condensed liquid back to the evaporator using capillary pressure so that the evaporation- 
condensation process may continue. 
The benefits that heat pipes provide are important for the thermal control of 
electronic components. Because excessive heat deteriorates the performance and life 
expectancy of electronic components, maintaining operational temperatures within their 
prescribed limits is crucial. Heat pipes provide four distinct advantages over 
conventional conduction and convection cooling techniques. 5 
I. Greater Effective Thermal Conductivit: Heat pipes require smaller temperature 
gradients to transfer thermal loads. 
2. Abilit to Handle Increased Heat Fluxes without Si nificant Tem erature Increases: 
The evaporation-condensation rate within the heat pipe increases to handle larger heat 
inputs. 
3. Ra id Thermal Res nse: Once enough energy is applied to evaporate the liquid, the 
vapor may travel from one end to the other transferring heat. 
4. Drift htttt: Th tdp d t p tt fth p t d d 
heat pipes allows these two regions to have different size and shapes 
The heat pipes tested in this study may be classified as micro-heat pipes. A 
dimensionless expression that relates the capillary rathus (r, ) to the reciprocal of the 
hydraulic radius (rs) is used to distinguish micro-heat pipes from conventional heat 
pipes. For micro-heat pipes: 5 
— '&I r 
"f, 
Micro-heat pipes typically utilize the sharp, angled corners in noncircular channels as 
liquid arteries. Differences in meniscus thickness in these corners along channels in the 
micro-heat pipe create a capillary pressure difference that returns liquid to the 
evaporator, Other operating principles in micro-heat pipe are similar to those in larger 
heat pipes. 
METAL WIRE HEAT PIPE 
The basic metal wire heat pipe design consists of metal wires bonded between 
two sheets of metal foil. The spaces between adjacent wires form channels for the 
working fluid. The simplicity of this design makes it appealing because of its potential 
for low manufacturing costs. The metal wire heat pipes are manufactured by 3M using a 
propriety process. 
~'--@~ Tube Used During Charging Process 
Copper Fill Tube Wtck Structure Copper End Cap 
Fig. 2 Metal Wire Heat Pipe 
Ca illar Pum in Process 
In the metal wire heat pipe design, the working fluid resides in the open regions 
between adjacent wires (Fig. 3). The angular comers formed where the wires and foil 
bond serve as the wicking structure in the heat pipe. Liquid that collects in these 
channels may be pumped axially within the heat pipe by capillary forces. Differences in 
meniscus thickness between the evaporator and the condenser create the capillary 
pumping forces. Fig. 3 also illustrates how the meniscus thickness varies between the 
evaporator and the condenser. Vapor travels through the middle of the channels. Wire 
diameter and the spacing between adjacent wires are two geometric parameters that 
influence the capillary pumping action in the wire heat pipe design. 
Evaporator 
Wire Metal Foil 
Condenser 
Vapor Liquid 
Fig. 3 Cross Section of Metal Wire Heat Pipe 
Wick Construction 
The various components of the metal wire and foil heat pipe are shown in Fig. 4. 
3M produced the wire and foil wicking structure. The titanium wires (0. 011in diameter) 
are bonded between two sheets of copper foil (0. 005in thick). The samples tested 
contain 18 wires with an average spacing of 0. 025in between the centers of adjacent 
wires. This wire and foil wick structure is provided as long bands that may be cut to 
length. The wire and foil wick structure also offers limited flexibility and low weight. 
To determine whether or not the wick structure will wet when in contact with 
working fluid, the metal foil was removed from one side of the wick structure so that the 
wires were exposed. Drops of working fluid were then placed on the exposed wires. 
The fluid quickly traveled down the channels to wet the wick. Incompatible working 
fluids would not wet the wick structure; the drops of incompatible fluid would bead on 
the surface and not flow into the grooves. This behavior was observed in samples that 
were heated for extended periods of time at high temperatures (400 F) when soldering 
operations were considered for fabrication. Water was selected as the best working fluid 
for the metal wire heat pipe because it has a large latent heat of vaporization allowing 
more heat to be transferred and greater surface tension that permits higher capillary 
pumping pressures. 4 




Copper Fill Tube 
Fig. 4 Exploded View of Metal Wire Heat Pipe 
Fabrication 
In the fabrication process fill tubes are attached to the heat pipe so that there is a 
means for the working fluid to reach the wick structure during the charging process. The 
heat pipe is also sealed to eliminate leaks. A copper fill tube and end cap were added to 
enclose the exposed liquid/vapor channels. To form the fill tube, a notch was filed in 
one side of a copper tube. The wick structure slides into this notch. The fill tube was 
chemically cleaned in an acid solution so that it would have the proper cuprous oxide 
(Cu20) surface condition. This surface oxide condition is preferred because it permits 
water to wet the copper surface. In the cleaning process components are dipped in 
various acidic solutions and rinsed with water. The fill tube was carefully bonded to the 
wick structure using epoxy. The end cap was fabricated in a similar manner. Finally, 
the edges of the wick structure were sealed with vacuum sealant. 
LOOP HEAT PIPE (LHP) PLATE 
The loop heat pipe (LHP) plate has a wick pattern formed in a copper plate. The 
wick pattern is designed to have the liquid and vapor phases travel in different channels. 
These distinct vapor and liquid channels guide the working fluid through a loop around 
the wick during operation. These LHP plates were manufactured and designed by MER 
Corp. 
Leak Filled With Epoxy Tube Used During Charging Pmcess 
Fig. 5 LHP Plate 
Ca illa Pnm in Process 
The LHP plate is designed so that it may operate as a capillary-pumped loop 
where liquid and vapor phases of the working fluid travel in separate channels. This 
differs from the metal wire heat pipe in which liquid and vapor phases travel through the 
same channel, but in opposite directions. Hence, the frictional losses associated with the 
counter flow of the liquid and vapor phases within the same channel are eliminated. Fig. 
11 
6 illustrates the various components of the LHP plate's wick structure. A simplified 
model is presented in Fig. 7. Vapor travels through the wider channels along the outside 
of the LHP plate; liquid flows through the narrower inner channels. The liquid channels 
narrow as they approach the evaporator. This helps increase the capillary pumping 
pressure and encourages flow towards the evaporator by reducing the capillary radius. 
Liquid evaporates off the wick structure in the evaporator, while the wick structure at the 









Fig. 6 LHP Plate Wick Features 
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Fig. 7 Simplified Representation of LHP Wick 
Wick Construction 
The wick pattern of the LHP plate is formed on the surface of a copper plate. 
Fig. 8 shows the LHP plate and its components. A channel extending from each end of 
the wick structure to the edge of the plate permit the LHP plates to be filled. The depth 
of the features in the wick pattern is 0. 004 in. Another metal plate is bonded to the top 
of the copper plate containing the wick structure so that the liquid/vapor channels are 
enclosed. Differences in the coefficient of thermal expansion among the materials used 
in the wick and its cover plate may cause the plates to warp or separate at elevated 
temperatures. These two plates were manufactured and bonded by MER Corp. 
( pk/er plate / 




Cppper plate Wth Wick Pattam 
Fig. 8 Exploded View of L HP Plate 
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Fabrication 
In the fabrication process for the LHP plates, a fill tube was connected to one of 
the two channels extending from the wick sniicture. One of the two 0. 004in deep 
channels was broadened to accept the fill tube. This channel was first enlarged to 
0. 0135in and then counter drilled to 0. 0355in in diameter to fit the fill tube. A stainless 
steel hypodermic tube was needed to fit the thin profile of the LHP plate. The second 
channel was covered with epoxy. Leak tests performed on the LHP plates revealed 
several holes through the plate containing the wick pattern and along the joint between 
the wick and cover plate. These holes were sealed using epoxy. 
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CHARGING PROCESS 
The heat pipe is filled with a working fluid in the charging process. To operate 
properly, a heat pipe must be filled with the proper amount of working fluid. The heat 
pipe designs being tested require a small amount of working fluid (70-1001tL) and have 
wick structures with small channels. These characteristics make the charging process 
difficult. 
To ensure that the heat pipe is properly sealed before charging, the heat pipe is 
pressurized to test for leaks. To perform the leak test, a heat pipe is connected to a 
compressed air source and submerged under water. Bubbles forming on the surface of 
the heat pipe indicate that a leak is present. The maximum anticipated operating 
temperature of the heat pipe determines the maximum leak test pressure. The heat pipe 
must be able to withstand the saturation pressure of the working fluid at the maximum 
operating temperature (Ex: P„, for acetone at 80 C = 31 psi). 5 
In the charging process, a syringe with IpL gradations meters the amount of 
working fluid that enters the heat pipe. Measuring the weight of the heat pipe during the 
charging process was an alternative method that was considered to control the amount of 
working fluid in the heat pipe. Generally, the heat pipes are filled with slightly more 
working fluid than theoretically calculated. Some extra fluid is preferred because the 
heat pipe will not operate as intended if there is not enough liquid to return to the 
evaporator. The extra fluid fills part of the condenser during operation, thus reducing 
the effective length of the heat pipe. 
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A schematic of the charging process is illustrated in Fig. 9. Flexible, plastic 
tubing is used to connect the heat pipe to a vacuum pump. The vacuum pump is used to 
remove all matter from the inside of the heat pipe. Any material remaining within the 
heat pipe will hinder the evaporation-condensation within the heat pipe during operation. 
Pomt Where Heat Pipe 
may be Cut and Sealed 
Vacuum Pump Syringe Heat Pipe 
Fig. 9 Charging Schematic 
After the heat pipe is evacuated, the tube connecting the heat pipe to the vacuum 
pump is closed at Point 1. The tubing is then pierced with the syringe and the proper 
amount of working fluid is injected into the heat pipe. Vacuum grease was applied to 
the tip of the syringe to maintain the seal when the tubing is pierced. The vacuum within 
the heat pipe helps draw the working fluid into the wick structure. 
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Before the syringe is removed, the tube attached to the heat pipe is then 
temporarily closed using forceps after the puncture at Point 2. The tube may then be cut 
and sealed. To permanently close the heat pipe, the metal fill tube may be crimped and 
sealed. This technique was not used because it allows the heat pipe to only be charged 
once. By keeping the plastic tubing at the end of the fill tube, the heat pipe may be 
recharged by simply removing the plastic tubing. 
18 
TEST APPARATUS 
A test apparatus was created to measure the temperature distribution along the 
surface of a heat pipe during operation. The test apparatus was designed to test the 
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Fig. 10 Test Apparatus 
To test the heat pipes, an electric heater was attached at one end to provide the 
heat input at the evaporator. Thin, foil-type resistance heaters were attached to the heat 
pipe using high-temperature silicone. The square heaters used have an approximate 
resistance of 23. 4Q and an effective area of 0. 09in . A single heater was attached to the 
metal wire heat pipes for testing. Two heaters were attached to the LHP plates for 
testing because of their greater evaporator width. The two heaters were wired in series. 
Current flowing through the heaters was controlled by a DC power supply. At the 
19 
opposite end, the heat pipe was mounted to an aluminum heat sink. The heat sink keeps 
the condenser of the heat pipe at a predetermined temperature. Fluid running through 
the aluminum heat sink from a constant temperature bath maintains its temperature. The 
heat pipe was surrounded by insulation to prevent heat losses to the surroundings. 
Ten thermocouples were used to measure the temperature distribution along the 
surface of each heat pipe during testing. The thermocouples were more closely spaced at 
the evaporator and condenser of the heat pipe to monitor the temperature in those 
regions. The T-type thermocouples used provide accuracy of approximately +0. 5'C. 
HP-VEE software was used to record experimental data. 
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TEST PROCEDURE 
To evaluate the performance of the heat pipes tested, the temperature distribution 
was measured axially along filled and unfilled test articles. Ideally the evaporation and 
condensation of the working fluid in the filled heat pipe will enhance its heat transport 
ability and result in lower temperatures along the surface of the filled heat pipe. 
Both a filled and an unfilled heat pipe were initially tested at the same time. The 
heat sink temperature was set at a predetermined value and allowed to reach steady state. 
The heaters on both test articles were then given the same input power and steady-state 
temperature distributions were measured. The amount of power supplied to the heaters 
was incrementally increased and new steady-state temperatures were recorded. By 
incrementally increasing the power, it may be possible to identify when dry-out occurs 
in the evaporator of the heat pipe. In dry-out, the working fluid evaporates at a faster 
rate than the wick can return working fluid to the evaporator. This stops the two-phase 
heat transfer action within the heat pipe. Dry-out would be identified by a more rapid 
increase in evaporator temperatures at the point of heat input. 
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TESTRESULTS 
The thermal performance of the metal wire heat pipes and LHP plates is 
presented in Fig. ll-Fig. l4. The plots in Fig. l 1-Fig. 14 illustrate the temperature 
distribution axially along both filled and unfilled versions of both heat pipe designs 
tested. On all charts, the three closely spaced data points on the left represent the 
thermocouples placed at the evaporator where the heat source is located. The last four 
data points on the right side of the plot monitor the condenser end of the heat pipe where 
heat is rejected to the heat sink. The temperature distributions for various power inputs 
are plotted. Points on each plot represent the average, steady state temperature for a 
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Fig. 14 Axial Temperature Distribution iu a Filled LHP Plate for Various Heat Inputs 
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DISCUSSION 
The nearly identical temperature distributions among the filled and unfilled heat 
pipes indicate that the desired evaporation and condensation processes are not occurring 
in the filled test articles. Without the liquid-vapor phase changes, the heat pipes do not 
enhance heat transfer performance. Lower temperatures in the evaporator of a filled test 
article at the point of heat addition would indicate that the heat pipe is operating as 
intended. The near linear temperature distribution between the evaporator and 
condenser indicate that heat is being transferred by conduction. 
After the initial tests were performed, various methods were employed in an 
attempt to improve thermal performance. The heat pipes were filled with different 
amounts of working fluid. Because the proper amount of working fluid is essential for 
proper operation, this variable was the first to be studied as being the probable cause for 
failure. Methanol was also used as the working fluid in the metal wire heat pipe in place 
of water. This was done to determine if there was any unknown compatibility problems 
between the materials used to make the heat pipe and the working fluid. 
The highest heat inputs (30W/in ) applied to the LHP plates were done to 
determine if noncondensible gases from the charging process hindered performance. By 
applying this high heat input, the evaporator temperature was kept above the saturaflon 
temperature of the working fluid (56. 1'C for acetone) at atmospheric pressure. The high 
temperature would force some of the working fluid to evaporate and promote two-phase 
heat transfer within the heat pipe. The higher operating temperatures did not result in 
27 
enhanced heat transfer performance for the filled LHP plates; thermal performance was 
similar to the unfilled test article. 
During the testing procedures, various experimental errors were found. The 
accuracy of some thermocouples were observed to vary, but no corrections were made 
because no data indicated that these thermocouples significantly influenced the test 
results. The thermocouples may be calibrated or remanufactured to obtain more accurate 
readings. Variances were also found among the electric heaters used. Improper 
mounting of the heaters or damage from high power inputs could influence the amount 
of heat applied to the test article. To eliminate these heater variances, only one heat pipe 
will be tested both before and after the charging process with the same heater. 
28 
CONCLUSIONS 
The results of this study indicate that none of the heat pipes produced were able 
to provide enhanced heat transfer performance when filled with working fluid. This 
indicates that the desired two-phase heat transfer operations are not occurring in the 
metal wire heat pipes and LHP plates. To evaluate the performance of the wire heat pipe 
and LHP plate designs, test articles were fabricated and a charging process was 
developed to fill the heat pipes with working fluid. Testing facilities were also created 
to evaluate the performance of the heat pipes produced. The lack of improved heat 
transfer performance in the test articles may be attributed to error in the charging process 
and/or non-optimal wick structures. Modifications to the charging process that eliminate 
the need to puncture the vacuum line would eliminate some the uncertainty associated 
with that process. Presently there is not means of detecting leaks that may occur when 
the vacuum line is pierced. The metal wire and LHP plate heat pipe designs tested may 
be modeled to determine the optimal wick configuration or size, Reducing the potential 
for contamination of the wick structure during fabrication would also increase the 
chance for success. 
29 
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Table 1 Unfilled Metal Wire Beat Pipe - I W/in 
Power Input I W/in 
Working PIuid N/A 
Axial Posrtion in 0. 1 0. 25 0. 4 1. 5 2. 5 3. 5 4. 5 4. 875 5 625 













































































































































































































































































































































Table 2 Unfilled Metal Wire Heat Pipe - 3 W/in 
Power Input 3 Wtjn 
Working Huid N/A 




































































































































































































































































Table 3 Unfilled Metal Wire Heat Pipe - 5 W/in 
Po seer Input 5 Wfrn' 
Working Buid N/A 


























































































































































































































































































































Table 4 Unfilled Metal Wire Heat Pipe - 7 W/in 
Power Input 7 W/in 
Working Fluid N/A 
Axial Position in 0. 1 0. 25 0. 4 1. 5 2. 5 3. 5 4, 5 4. 875 5. 25 5, 625 
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Table 5 Untilled Metal Wire Heat Pipe - 9 W/in 
Power Input 9 W/in' 
Working Fluid N/A 
Axial Position in 0. 1 0. 25 0. 4 1. 5 2. 5 3. 5 4. 5 4. 875 5. 25 5 625 





















































































































































































































































































































19. 588 19. 508 
0 007 
Table 6 Filled Metal Wire Beat Pipe - l W/in 
Po wer Input I W/in 
Working fluid Water 
























































































































































































































































































































































Table 7 Filled Metal Wire Beat Pipe - 3 W/in 
Power Input 3 W/in 
Working Fluid Water 







































































































































































































































































Table 8 Filled Metal Wire Heat Pipe - 5 W/in 
Power Input 5 W/in 
Working Fluid Water 
Axial Position in 0. 1 0. 25 0. 4 1. 5 2. 5 3. 5 
T eretule 















































































































































































































































































































Table 9 Filled Metal Wire Heat Pipe - 7 W/in 
Power Input 7 W/in 
Working Plaid Water 
Axial Position in 0. 1 0. 25 04 1. 5 2. 5 3. 5 4. 5 4. 875 5. 25 5, 625 











































































































































































































































































































































Table 10 Filled Metal Wire Heat Pipe - 9 W/in 
Power Input 9 W/in 
Working Huid Water 
Axiat Posruon in 0. 1 0. 4 1. 5 2. 5 3. 5 4. 5 4. 875 5. 25 5 625 























































































































































































































































































































Table 11 Unfilled LHP Plate - 1W/ln' 
Power Input I W/in 
Working Ptuid N/A 
Axial Position rn 0. 3 0. 6 1. 225 1. 85 2. 475 
eranne aC 












































































































































































































































































































































Table 12 Unfilled LHP Plate - 3W/in 
Power Input 3 W/in 
Working Fluid N/A 
Axial Posrtion m 0. 3 0. 45 0. 6 1. 225 1. 85 2A75 3. 1 3, 35 3. 6 3. 85 







































































































































































































































Table 13 Unfilled LHP Plate ~ 5W/in 
Power Input 5 W/in' 
Working Piuid N/A 
Axial Position m 0. 3 0. 45 0. 6 1. 225 1. 85 2. 475 3. 1 3. 35 3. 85 



































































































































































































































































































Table 14 Untilled LHP Plate - 7W/in' 
Power Input 7 W/in' 
Working Fluid N/A 
Axial Posiuon in 0. 3 0. 45 0. 6 1. 225 1. 85 2. 475 3 I 3. 35 
Te rature 'C 
3. 6 3. 85 
29. 126 29. 462 29. 129 27. 366 
29. 120 29. 456 29. 120 27. 360 
29. 120 29. 441 29. 129 27, 349 
29. 135 29. 441 29. 138 27. 360 
29. 123 29. 456 29. 149 27. 363 
29. 117 29. 456 29. 135 27. 366 
29. 111 29. 444 29. 144 27, 372 
29. 117 29. 444 29. 138 27. 363 
29. 129 29 447 29. 129 27. 369 
29. 100 29. 450 29. 129 27. 354 
29. 110 29. 436 29. 119 27. 380 
29. 12S 29. 427 29. 113 27. 359 
29. 119 29 449 29. 134 27, 354 
29. 126 29. 450 29. 129 27. 357 
29. 116 29 446 29. 140 27. 365 
29. 119 29449 29. 128 27. 374 
29. 132 29. 436 29. 126 27. 369 
25. 857 24. 474 22. 726 
25. 848 24. 465 22. 723 
25. 863 24. 474 22. 707 
25. 855 24. 482 22. 728 
25. 841 ?4. 464 22. 728 
25. 844 24. 476 22. 728 
25. 841 24. 473 22. 728 
25. 841 24. 476 22. 718 
25. 847 24. 467 22. 718 
25. 847 24. 482 22. 728 
25. 837 24. 466 22. 711 
25. 843 24. 481 22. 727 
25. 849 24. 472 22. 727 
25. 837 24. 484 22. 717 
25. 832 24. 487 22. 708 
25. 851 24. 474 22. 717 
25. S36 24. 468 22. 704 
22. 221 22. 111 21. 781 
22. 212 22. 117 21. 787 
22. 218 22. 120 21. 784 
22. 208 22. 128 21, 774 
22. 217 22. 112 21. 789 
22. 208 22. 119 21. 792 
22. 205 22. 115 21. 777 
22. 205 22. 122 21. 774 
22. 211 22. 109 21. 792 
22. 217 22. 119 21. 780 
22. 216 22. 108 21, 791 
22. 216 22. 127 21. 788 
22. 216 22. 127 21. 773 
22. 210 22. 108 21. 773 
22. 207 22. 103 21. 78S 
22. 218 22. 120 21. 781 
22. 206 22. 135 21. 778 
Avera e 
Std Dev. 
29. 121 29. 447 29. 131 27. 364 25. 845 24. 474 22. 720 22. 212 22 118 21 783 
0 009 0. 009 0. 009 0. 008 0. 008 0. 007 O. OOS 0. 005 0. 008 0 007 
Table 15 Unfilled LHP Plate - 9W/in 
Po wer Input 9 W/in 
Working Huid N/A 
























































































































































































































































































































Table 16 Unfilled LHP Plate - 30W/in 
Power Input 30 W/in' 
Working Fluid N/A 
Axial Position rn 0. 3 0. 45 0. 6 1. 225 1. 85 2. 475 3. 1 3. 35 3. 85 














































































































































































































































































































Table 17 Filled LHP Plate - 1W/in 
Power Input I W/in 
Working Fluid Acetone 
Axial Position in 0. 3 0. 45 0. 6 1. 225 1. 85 2. 475 3. 1 3. 35 3. 6 3, 85 









































22. 327 22. 039 
22. 320 22. 038 
22, 309 22. 029 
22. 324 22. 027 
22. 318 22. 027 
22. 327 22. 042 
22. 321 22. 033 
22. 327 22. 030 
22. 324 22. 030 
22. 313 22. 033 
22. 321 22. 039 
22. 336 22. 030 
22. 321 22. 033 
22. 324 22. 039 
22. 324 22. 027 
22. 321 22. 039 
22. 321 22. 030 
22. 324 22. 019 
22. 324 22. 024 





























































20 782 20. 782 
20. 795 20. 773 
20. 795 20. 782 
20. 79D 20, 777 
20. 808 20. 787 
20, 796 20. 766 
20. 790 20. 777 
20. 793 20. 774 
20. 790 20. 769 
20. 780 20. 780 
20. 790 20. 771 
20. 796 20. 774 
20. 806 20. 775 
20. 800 20. 775 
20. 797 20. 775 
20. 800 20. 787 
20. 784 20. 775 
20. 797 20. 778 
20. 8DI 20. 776 



























?2. 323 22. 032 





20, 859 20. 794 20. 776 
0. 008 0. 007 0. 006 
20. 940 
0. 010 
Table 18 Filled LHP Plate - 3%/bt 
Power Input I Wiin 
Working Fluid Acetone 
Axial Position in 0. 3 OA5 0. 6 1. 225 1. 85 2. 475 3, 1 3. 35 3. 6 3. 85 















































































































































































































































































































Table 19 Filled LBP Plate - 5W/in 
Power Input 5 W/in' 
Working Fluid Acetone 
Axial Position in 0. 3 0. 45 0. 6 1. 225 1. 85 2. 475 31 3. 35 3. 6 3. 85 















































































































































































































































































Table 20 Fitted LHP Plate - 7W/in 
Power Input 7 W/m 
Woriung Piuid Acetone 
Axial Position in' 0. 3 0. 6 1. 225 1, 85 2. 475 3. 1 3. 35 3. 6 3. 85 

















































































































































































































































Table 21 Filled LHP Plate - 9W/in 
Power Input 9 W/in 
Working Ptuid Acetone 
Axial Poaition in 0. 3 0, 6 1, 225 1. 85 2. 475 3. 35 3. 6 3. 85 







































































































































































































































































Table 22 Filled LHP Plate - 30W/in 
Power Input 30 W/mr 
Worhng Fluid Acetone 
Axial Position in 0. 3 OA5 0. 6 1. 225 1. 85 2. 475 3. 1 3. 35 3. 6 3 85 
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